Abstract. Low pressure system statistics derived from the Antarctic Mesoscale Prediction System (AMPS) and NCEP, NCEP2 and JRA25 re-analysis products are compared by using an automatic cyclone tracking scheme. Since AMPS model spatial and temporal resolutions are much higher than the ones of the re-analyses, this study provides a valuable insight of the ability of numerical models to simulate low pressure systems with an increasing resolution.
Introduction
Low pressure systems over the Southern Ocean play an important role in the Southern Hemisphere's climate system by transporting moist, warm air of mid-latitudes towards the pole. These systems have a large impact, for example, on the warming of the Antarctic Peninsula, on the distribution of sea-ice and on the snow accumulation over the Antarctic ice sheet [see for example Bromwich et al., 1995; Noone and Simmonds, 2002] and they contribute towards the maintenance of the atmospheric circulation in the southern hemisphere. The atmospheric circulation plays an extremely important part in defining ocean conditions and water masses, possibly affecting regions well removed from the Antarctic via the meridional overturning circulation [see for example Delworth and Zeng, 2008] . In addition, a good knowledge of the nature, distribution and variability of Southern Ocean low pressure systems is important for a range of human pursuits including impacts on the safety and efficiency of polar research, tourism and associated logistics.
A significant number of the cyclones observed at high latitudes are small in size (< 1000 km in diameter) and short in duration (generally 1-4 days). These are meso-scale systems, while systems having greater spatial scales and longer time scales are large-scale synoptic systems [Orlanski, 1975] . In previous cyclone climatologies [for example Simmonds and Keay, 2000; Hodges et al., 2003; Wang et al., 2006; Lim and Simmonds, 2007] small cyclones are not very frequently detected mainly due to the limited resolution of the analyzed data. Claud et al. [2007] found apparent associations between small cyclones and the large scale atmospheric circulation over the North Atlantic region. They suggested that high resolution data are needed to analyze the occurrence of meso-scale cyclones in the polar regions. For example, only a limited numbers of polar lows can be detected in the ERA-40 re-analysis data [Condron et al., 2006] . Our preliminary analysis has shown that even the highest resolution of ERA-40 can not capture polar lows adequately. Additionally, global re-analysis products contain spurious trends and display significant mutual differences [see for example Bromwich et al., 2007] .
It is probable that the occurrence of cyclones over the Southern Ocean will change along with a warming climate due to anthropogenic greenhouse gas emissions. Bengtsson et al. [2006] found an apparent poleward shift of the Southern Hemisphere storm tracks in global climate model projections causing significant changes in the regional precipitation during the coming hundred years. In addition, Zickfeld et al. [2007] found that the changes in strength and location of the Southern Ocean cyclones under time-varying CO2 emissions is projected to affect the efficiency of the oceanic and terrestial carbon sinks in the region. A study by Simmonds [2003] based on the NCEP re-analysis data indicates a decrease in the number of Southern Hemisphere systems from 1979 to 1995, while the intensity and the size of systems has increased . Another study by Lim and Simmonds [2007] based on the ERA-40 re-analysis data, however, show an increase in system density over the period 1979-2001. Understanding the effects of these changes in cyclonicity requires a better understanding of the ice-ocean-atmosphere interaction associated with the formation and development of small scale cyclones. The establishment of a new cyclone climatology that extends and complements earlier studies [Carleton and Carpenter , 1990; Heinemann, 1990; Bromwich, 1991; Simmonds and Keay, 2000; Hodges et al., 2003; Wang et al., 2006; Lim and Simmonds, 2007] is an important step to gain this understanding.
Cyclone climatologies typically include statistics on the number of systems, their size and intensity occurring in the region of study. Cyclones can be detected by using automatic tracking schemes [see for example Simmonds and Keay, 2000; Hodges et al., 2003; Wang et al., 2006] , which look for features typical for cyclones, like a grid point maximum of the Laplacian of pressure, track them and derive statistical diagnostics from a number of tracks. Automatic tracking schemes require relatively completed data sets of the mean sea level pressure or the geopotential height, and these schemes have been used to analyze gridded model output, especially global re-analysis data. Because the reanalysis products have a relatively coarse spatial resolution, typically 2.5
• in latitude and longitude, results do not include small synoptic scale systems and mesoscale systems. Simmonds and Keay [2000] applied the Melbourne University tracking scheme [Murray and Simmonds, 1991a ] to the NCEP re-analysis data spanning the period 1958-97. They identified significant seasonal variability in the system density, intensity and size of the Southern Hemisphere extratropical cyclones. The system density was high south of 60
• S during all seasons and in the Indian and West Pacific Oceans in autumn and winter. Simmonds and Keay [2000] found active cyclogenesis south of 60
• S, where, cyclolysis exceeded cyclogenesis. Hodges et al. [2003] analyzed four re-analysis products with the cyclone tracking scheme of Hodges [1996] . He found that system densities and intensities between the re-analyses were less consistent in the Southern Hemisphere than in the Northern Hemisphere causing uncertainty in the locations and intensities of systems. Wang et al. [2006] identified cyclone tracks from the NCEP and the ERA-40 re-analysis products using the Serreze et al. [1997] tracking scheme. They found significant discrepancies between re-analyses in cyclone activity south of 40
• S. This study utilizes a new, high resolution regional model dataset to study weather patterns and low pressure systems around Antarctica. Results derived using this dataset are compared to three global re-analysis products to determine differences due to the increased spatial resolution. In the next section data used and the cyclone tracking scheme applied are introduced. Two case studies are presented in section 3 to illustrate differences in the detection of individual systems between the high resolution data and the re-analysis data. In the section 4 statistics derived from the high resolution dataset are presented and compared with statistics derived from three re-analyses. In the last section the most important results are summarized and conclusions are drawn.
Data and methods
2.1. Data 2.1.1. AMPS
The Antarctic Mesoscale Prediction System (AMPS) has provided weather forecasts for the Antarctic region since September 2000 . These forecasts provide essential guidance for logistical and scientific operations in Antarctica and surrounding oceans where the weather station network is sparse.
AMPS data is available starting from 5 January 2001, with model output available every 3 hours, until present. Up until March 2006 the atmospheric model employed in AMPS was the Polar Mesoscale Model 5 (Polar MM5) Cassano et al., 2001; Guo et al., 2003] , and was replaced in March 2006 with the Weather Research and Forecasting model (WRF) [Skamarock et al., 2005] . Weather forecasts in AMPS are calculated for several nested domains. In this study the model output for the outermost domain (Figure 1 ) is analyzed. The outermost domain has either horizontal resolution of 90 km (Polar MM5) or 60 km (WRF). On the 3rd of July 2002 the outermost domain area was extended to the southern tip of South Africa. The outermost domain is two-way nested to the second domain, which has 30 (20) km resolution in the Polar MM5 (WRF) versions of AMPS. Hence small scale processes resolved in the second domain affect processes of the outermost domain at the boundaries of the second domain.
The AMPS system is run operationally and it has undergone several significant changes during its functioning period. The modifications to the AMPS system configuration, like changes in the computational grid and physical parameters, may affect the output data. This should be taken into account when analyzing the output data and one has to be careful not to derive conclusions regarding atmospheric variability which may be due to these model changes. Statistics of cyclone properties over the extended part of the outermost model domain were not included in the analysis because they represent different time periods than statistics in the rest of the model domain. The change of the atmospheric model of AMPS from Polar MM5 to WRF probably has an impact on the cyclone climatology, but it is likely that this impact is less than changes of cyclone statistics due to interannual variability and hence will not be addressed here. Frequencies of large-scale circulation patterns over the model domain, however, do not show any apparent change at the time of the model change.
AMPS system forecasts are affected by the initial conditions derived from NCEP's Aviation Model (AVN). Bromwich et al. [2003] assessed AMPS forecasts using available observations from 14-16 January 2001. They found that AMPS was able to predict a mesoscale low, although not at the observed locations. The initial signal of this low was apparent in the AVN-derived first-guess field and could be detected from a run in a nested domain of 10-km resolution, which was started six hours later. AMPS showed a skill in simulating upper-level conditions realistically and in resolving small scale vertical features, like katabatic winds.
For this study data from the AMPS 12-23 hour forecasts were extracted from forecasts initialized every day at 0000 and 1200 UTC. Comparison of these short-duration forecasts with in-situ observations show a relatively low root mean squared error [Guo et al., 2003; Bromwich et al., 2005] , yet ensure that the model has spun up from its initial state (Mark Seefeld, personal communication) . If data from these forecast hours were missing then the 24-33 hour forecasts were used. If these forecasts were also missing the 36-45 hour forecasts were used. Forecasts longer than 72 hours were not used in this study.
NCEP
NCEP/NCAR re-analysis 1 [Kalnay, 1996] is a publicly available set of gridded meteorological variables archived at six hourly intervals starting in 1948 and continuing until present. It is created by using a state-of-the-art analysis/forecast system to perform data assimilation using past data. It has a spatial coverage of 2.5
• latitude by 2.5
• longitude in a global grid. For this study the mean sea level pressure data from January 2001 to October 2007 were used. The NCEP/NCAR re-analysis 1 is denoted as NCEP in this study. Bromwich et al. [2007] showed NCEP 500hPa height over Antarctica produces good correlations with ERA-40 and JRA-25 from 1998 onwards.
NCEP2
NCEP-DOE re-analysis 2 is an improved version of the NCEP re-analysis 1 model that fixed errors and updated parametrization of physical processes [Kanamitsu et al., 2002] . It has a spatial coverage of 2.5
• longitude in a global grid and a temporal coverage from January 1979 until present. For this study the mean sea level pressure data from January 2001 to October 2007 were used. The NCEP-DOE re-analysis 2 is denoted as NCEP2 in this study.
JRA25
Japanese 25-year re-analysis (JRA25) is created using the Japan Meteorological Agency numerical assimilation and forecast system [Onogi et al., 2007] . It consists of 6-hourly atmospheric analysis fields with a horizontal resolution of around 120 km starting in 1979. For this study we use the mean sea level pressure data from January 2001 to October 2007. JRA25 500 hPa height agrees well with ERA-40 500 hPa height over Antarctica after 1991 [Bromwich et al., 2007] .
Low pressure system tracking scheme
Cyclone detection of AMPS data was carried out by using the automatic cyclone tracking scheme of Murray and Simmonds [Murray and Simmonds, 1991a, b; Simmonds, 2003; Simmonds et al., 2003; Lim and Simmonds, 2007; Simmonds et al., 2008] . The tracking scheme produces fields of cyclone frequency and properties. The cyclone properties calculated by the scheme include the system density (SD), rates of cyclogenesis (F G) and cyclolysis (F L), the mean central pressure of cyclones (P C), the mean system intensity (CC) and the mean cyclone radius (R) over a unit area. For definitions of these variables see the section 4. We denote this scheme as the Melbourne University cyclone tracking scheme.
The cyclone statistics of NCEP, NCEP2 and JRA25 were obtained from the University of Melbourne Automatic Cyclone Tracking web page (http://www.earthsci.unimelb.edu.au/tracks/cychome.htm). These are computed using the same automatic cyclone tracking scheme, i.e. the Melbourne University cyclone tracking scheme, as for AMPS data. The Melbourne University cyclone tracking scheme requires setting the values of several instruction parameters that affect e.g. the smoothing of input data and computation of strength and area of systems (see Table 1 ). Optimal values of these parameters depend on the resolution of the input data. A list of suggested values to apply on the standard resolution (2.5
• longitude × 2.5
• latitude) re-analysis data is given by Pezza and Ambrizzi [2003] . In this study these values were used for the re-analyses and a reduced resolution version of AMPS data, while a new set of values were used for the full resolution AMPS data as explained in section 4.
Tracking of low pressure system in the AMPS data was also done by using the Serreze tracking scheme [Serreze et al., 1997] and the results were checked to have a general agreement with the results obtained by using the Melbourne University cyclone tracking scheme, but no detailed comparison was carried out.
Case studies
Two cases are studied here illustrating how the statistical analyses discussed throughout the paper translate on a practical day to day basis. This is of significant interest as a validation of the different datasets presented, and is also of interest given the operational forecast efforts in association with the AMPS for the high southern latitudes. The first case is a bomb cyclone which developed south of Australia in March 2007. Bomb cyclones are defined as extra-tropical low pressure systems in which the central pressure drops by 24hPa in a 24-hour period at 60
• latitude [Sanders and Gyakum, 1980] . The rapid intensification inherent in those systems can be associated with hurricane force winds and significant amounts of rainfall. The March 2007 system was rare, and of much climatological interest, as it presented a pressure drop of about 32 hPa over 24 hours at 42
• S, which characterizes an intensity just under 2-Bergeron. The Bergeron criterion came from earlier definitions based on the Northern Hemisphere where the latitude dependant Normalized Deepening Rate of central pressure was defined as 1 Bergeron when the pressure drops by 24 hPa in 24 hour conditions were observed at 60
• latitude, so that a smaller pressure drop would be needed closer to the equator to characterize 1 Bergeron intensity. The first case is almost an "ultra bomb" (or a "super-bomb"), a very rare occurrence in the Southern Hemisphere [Sanders and Gyakum, 1980; Lim and Simmonds, 2002] . This cyclone produced sustained winds above 41 m/s in the Australian Bight, with swells of up to 7 meters. The second case (April 2008) was an intense low undergoing cyclolysis very close to the Antarctic continent, offering an ideal opportunity to study the AMPS performance at high latitudes compared to the standard resolution reanalysis products.
27 March 2007 at 18 UTC
Snapshots of mean sea level pressure fields with detected system locations and clouds from a satellite image are presented in Figure 2 . The satellite image is a mosaic of GOES, Meteosat, MTSAT, and NOAA polar orbiting satellite data.
Major features of the mean sea level pressure fields and cloud spiral patterns look similar, but detailed, smaller scale, features show differences. Both mean sea level pressure analyses (JRA25 and AMPS) detect 22 systems, but some systems detected in JRA25 (Figure 2a ) are missing in the AMPS data ( Figure 2b ) and vice versa. More specifically three systems JRA25, the first one at 90
• E, the second one just east of 90
• E and the third one over Coats Land near 20
• W (Figure 2a ) are missing in the AMPS data ( Figure 2b ). Two of these systems occur over or close to the Antarctic ice sheet while the third is outside the AMPS model domain. Three systems detected in the AMPS data ( Figure 2b ), but not in JRA25 (Figure 2a) , are in the Ross Sea and east of a system at 45
• E. These three systems seem to be detected reasonably according to contour lines of AMPS mean sea level pressure in Figure 2b . Especially the system on the Ross Ice Shelf, seems to exist also in JRA25 mean sea level pressure in Figure 2a , but is not detected by the tracking scheme.
The considerations above show that although the tracking scheme does a very good job for the majority of lows detectable in the mean sea level pressure field, very few cases still exist for which a manual analysis may be required to confirm the existence of a cyclone. It is important to put in perspective that in a climatological sense the issue above does not pose any detriment to the accuracy of physical interpretation arising from tracking scheme statistics. The tracking scheme's parameters are tuned to maximize its performance and satisfy the greatest possible number of lows regardless of geographical location and time of the year. Hence the climatology or statistics are unbiased.
In the case of the Ross Sea low discussed above it can be seen from Figure 2 that the AMPS model seems to resolve the pressure field in greater detail than JRA25, placing the geographical minimum of the isobars more equidistantly isolated from the borders of the Antarctic continent. With JRA25, although the low is still evident in the pressure field, it is apparent that the isobars receive greater influence from the contours associated with the steep topography in the continent. This helps to explain why the tracking scheme did not capture the low for JRA25, as it lies very close to the Antarctic border in an area difficult to resolve. It should be noted though that the tracking scheme detects the Ross Sea low in the NCEP and AMPS-R data, having the default set of values for the instruction parameters, chosen for global analyses, not for a specific region. AMPS-R data is a version of AMPS data, which have been interpolated to the same spatial and temporal resolution as the re-analysis data.
The Ross Sea cyclone is missing from JRA25 data due to the steep change in topography in its vicinity. This probably produces a very large topographic correction as controlled by the topographic steering parameter (ftopeq in Table 1 ). When the value of this parameter for the JRA25 is decreased slightly to 0.010 from 0.011, the Ross Sea cyclone appears. However the topographic contrast around Antarctica is quite unusual. In addition, the smoothing of data and topography as controlled by the horizontal smoothing parameter (rdiff) will also affect the results including the calculation of the Laplacian of topography. With higher resolution data (and corresponding topography) one might expect such a system to stand a better chance of detection.
As we shall discuss later in section 4 the Ross Sea shows a great deal of variations in cyclone density when comparing MSLP products at different resolution, and it is also apparent that at least parts of those variations can be seasonally dependent, suggesting a response to changes in sea-ice extent and baroclinicity.
In Figure 2 the track of the March 2007 system is followed. This system was located south of Australia over the Australian Bight with a minimum pressure of 969 hPa on 27 March 2007 at 18 UTC according to the manual mean sea level pressure analysis of the Australian Bureau of Meteorology. The AMPS minimum mean sea level pressure for this system was somewhat higher at 974 hPa (18 hour forecast). The minimum central mean sea level pressure for this system in JRA25 was 975 hPa, in NCEP was 976 hPa and in NCEP2 was 980 hPa. According to Figure 2a the cyclogenesis of this system occurred south of South-West Australia outside the AMPS domain. Cyclone tracks of this system from AMPS and the re-analyses look similar inside the AMPS domain when the system is fully developed. There is, however, some disagreement after the system has passed Tasmania. The level of disagreement is comparable between the re-analyses and AMPS. The AMPS track ends sooner and may have been affected by the closeness of the model domain boundary.
2 April 2007 at 18 UTC
The tracking scheme detects 22 systems from JRA25 analysis ( Figure 3a ) and 21 systems from AMPS ( Figure  3b ), but some systems detected in JRA25 (Figure 3a) are located outside or close to border of the AMPS domain and are therefore missing in the AMPS data ( Figure 3b) . As in the March 2007 case study (Figure 2a ), a system located over Coats Land, near 20
• W, does not exist in the AMPS mean sea level pressure field. Opposite to the March 2008 case study (Figure 2 ) AMPS mean sea level pressure does not show a system over the Ross Ice shelf, but JRA25 does. In this case, however, it is clear that the difference was in the MSLP field locally, and not in the handling of the tracking algorithm. Additionally there is a weak low pressure system detected south of New Zealand in the JRA25 re-analysis. This system is not detected in the AMPS analysis, although the AMPS mean sea level pressure contours show similar features to the JRA25 data over that location.
The AMPS output based analysis (Figure 3b ) shows systems that are missing in JRA25 analysis in the Antarctic circumpolar trough (ACT). These systems appear to be identified by the tracking algorithm as a result of a more detailed mean sea level pressure field in AMPS due to the higher spatial resolution of AMPS than JRA25. This day was characterized by a low pressure system over the Dumont D'Urville Sea close to Antarctica at 150
• E. The system reached its minimum pressure of 966 hPa on 2 April 2007 at 18 UTC according to the manual mean sea level pressure analysis of the Australian Bureau of Meteorology. The AMPS minimum pressure for this system was the same, i.e. 966 hPa (18 hour forecast). The minimum central mean sea level pressure for this system was 967 hPa in the JRA25, NCEP, and NCEP2 reanalyses. According to the NCEP reanalysis this system was born far away over South Atlantic and then moved east across the Indian Ocean to the Ross Sea. The other re-analyses indicate shorter tracks starting around 90
• E or around 120
• E (Figure 3a) . These shorter tracks are consistent with the AMPS data, which shows cyclogenesis for this system at 120
• E (Figure 3b ). The reanalyses and AMPS agree better on the cyclolysis of this system, which occurred between 170-180
• E. In summary this brief analysis based on two cases indicates that systems missing in AMPS, but detected in reanalyses are located either close to or outside the AMPS domain boundaries or very close to or over the Antarctic ice sheet. Systems detected in AMPS, but not in re-analyses, on the other hand, can be identified as small scale features of mean sea level pressure fields. The majority of these systems are located in the ACT away from the AMPS domain boundaries and away from the steep topography of Antarctica.
It is apparent that most of the differences discussed above were caused in parts by the differences in resolution and in parts by how the tracking parameters resolve different datasets especially close to steep topographical features. As discussed earlier, automatic tracking algorithms have undergone significant improvements over the last 17 years or so, and their outputs can be now considered as a very reliable proxy for the real cyclone displacement found in the atmosphere. As shown in Figures 2 and 3 the above is true even for conditions thought as extreme (such as in bomb cyclones or very high latitude storms). The compilation of our two case studies together demonstrates an excellent overall representation in tracks that were of high complexity over baroclinic zones moving very rapidly, making a clear suggestion that the gain in resolution gives more detailed storms over high latitudes. With increasingly high resolution datasets becoming available it would be of interest to pursue continuing efforts in tuning different tracking schemes to accurately resolve systems of smaller scale, which will eventually lead us to develop a complete polar low settings for the Southern Hemisphere.
Comparison of low pressure system properties
To enable comparison, cyclone statistics based on AMPS and the re-analysis products were computed in a common grid having 0.5
• longitude × 0.5
• latitude resolution covering the region illustrated in Figure 1 . Regions north of 55
• S and with terrain higher than 1000 meters, based on the AMPS orography, were excluded from comparisons. Additionally the region where the AMPS domain was extended in July 2002 was excluded, so that the comparison area was the same for the entire period as shown by the hatched area in Figure 1 . As in Simmonds and Keay [2000] and Hodges et al. [2003] , the mean values of cyclone properties per unit area were computed, where the unit area is equivalent to a (deg lat) 2 area. As a result most extreme values of cyclone properties are not apparent.
In order to produce optimal cyclone statistics based on the AMPS data, the Melbourne University cyclone tracking scheme was run using 165 different combinations of instruction parameter values. Values of six instruction parameters were varied over the ranges shown in Table 1 and each set of values produced different cyclone statistics. Figure 4a shows that the SD ranges from values below 1 to values over 5 (deg lat) 2 , while the R ranges from 3 to 7 degrees in latitude depending on the values of instruction parameters. The (SD,R) values depend mainly on the smoothing of mean sea level pressure fields with smoother data having a smaller SD and larger system areas, which increases R. Rdiff parameter in Table 1 defines the diffusive radius of smoothing (in degrees of latitude). Other input parameters affect (SD,R) values less, but still significantly. For example the radial increment of the system radius (Rdincr) defines the computational accuracy of the system size and affects the R values.
It is evident from Figure 4 , where CC is the system intensity, that re-analyses (triangles) represent substantially different (SD,CC) and (SD,R) pairs than all experiments based on AMPS data (circles). This fact remains despite of a large number of cyclone tracking experiments based on wide range of values of instruction parameters.
It is crucial to find a good set of instruction parameters due to their strong impact on cyclone statistics. To eliminate the effect of input data resolution, the AMPS data were interpolated to the same spatial and temporal resolution as the re-analysis data. A Cressman algorithm [Cressman, 1959] was applied with a single 90-km search radius. These reduced resolution AMPS data (AMPS-R) were used in a cyclone tracking experiment with the same values of input parameters as the cyclone track derived from re-analysis data [Pezza and Ambrizzi, 2003] . Figure 4 shows that the AMPS-R data (marked as squares) retain the same characteristics in (SD,CC) and (SD,R) spaces as the original AMPS data (circles) and it has smaller system density and radius than the three re-analyses (triangles). Interestingly the system intensity of AMPS-R decreases close to the reanalysis system intensities indicating that the system intensity depends on the input data resolution more than the system radius.
A sensible conclusion is that differences between cyclone statistics, SD and R particularly, based on AMPS output and statistics based on re-analysis output are due to differences between the data sets and not, for example, how the cyclone tracking scheme processes data sets with different resolutions. Differences between data sets are caused by how the models simulate low pressure systems, which in turn depends on their resolution and parametrization.
Because it is desirable to utilize the full resolution version of AMPS data to obtain as detailed information as possible, an experiment in which SD, R and CC values were close to the one of the experiment based on AMPS-R data was selected for further analysis. Chosen values of instruction parameters used in this experiment are listed in Table 1 . As a result, AMPS cyclone statistics are from an experiment, which corresponds as closely as possible to the experiments based on the re-analyses, but retain its high spatial and temporal resolution.
It is reasonable to think that when the spatial resolution increases, more smaller cyclones are detected, and system areas decrease. Why AMPS system densities are mostly smaller than the re-analysis system densities, as can be seen from Figure 4 , is somewhat unclear. Based on the case studies presented in section 3, the AMPS data show more systems in the ACT and fewer systems off the coast of Antarctica than the re-analyses. Accordingly, as pointed out in section 4.1, the AMPS SD is higher in the ACT and lower off the coast of Antarctica than the re-analysis SDs, especially in winter. When summed over the common intercomparison region, the re-analysis SDs are higher than the AMPS SD.
System density
The SD is the average number of systems per unit area found in a particular locality. It is independent of time, but is often normalized by the number of analysis charts. NCEP has generally higher SD than AMPS, NCEP2 and JRA25, which is due to the relatively large proportion of grid cells with SD larger than 6 (deg lat) −2 . AMPS, on the other hand, has a relative large proportion of grid cells with SD less than 2 (deg lat) −2 . Medians and quartiles of SDs per season are presented in Figure 5 . The Kolmogorov-Smirnov test was applied to test if differences were significant between the seasonal SD distributions. The re-analyses agree that the lowest seasonal SDs occur in summer while the highest ones occur in winter. AMPS (and AMPS-R) has a lower median in summer than in winter, but their difference is not statistically significant at better than the 5% level. This is caused by the larger proportion of relatively low SD grid cells in summer than in winter. Significance tests show that in summer the AMPS SDs are significantly lower than the NCEP and NCEP2 SDs, and that the JRA25 SDs are significantly lower than the NCEP2 SDs. In winter the AMPS-R SDs are significantly lower than the re-analysis SDs, and the NCEP2 SDs are significantly lower than the NCEP and JRA25 SDs. 4.1.1. Summer Figure 6a shows that the AMPS SD forms an axis of high density around 62-64
• S extending from around 0 • to 170
• E. The axis of high density corresponds to the location of the ACT [King and Turner , 1997] . Other regions of high SD are in the Bellingshausen and Amundsen Seas, in the Ross Sea and in the Weddell Sea east of the Peninsula in summer. The Weddell Sea and the Ross Sea regions are located relatively close to the sea-ice as indicated by low sea surface temperatures, otherwise the high SD regions are away from the marginal ice zone.
The geographic SD distribution generally agrees with the NCEP derived cyclone climatology by Simmonds and Keay [2000] , but differs in local details. For example the AMPS SD is high east of the Peninsula, which is not apparent in the Simmonds and Keay [2000] climatology. Also the region of high SD over the Bellingshausen Sea is located more west in Figure 6a than in the Simmonds and Keay [2000] climatology. Because these differences are not apparent when comparing NCEP cyclone statistics from the same period to the AMPS cyclone statistics (see below), they are most probably due to the different time periods used for the analysis. The axis of high SD, however, is located further north in the Simmonds and Keay [2000] climatology than in the climatology based on AMPS data. As shown below this difference is not due to interannual variability. Panels c, d and e in Figure 6 show the AMPS SD minus the re-analysis SDs in summer. SD differences are negative over the coastline or just off the coast of Antarctica, where the re-analyses show more systems than the AMPS data. Contrary to this, AMPS-R has smaller SD over the coastal area than AMPS (Figure 6b ). This means that these differences in SDs are not due to differences in model resolution only, but are the result of other factors such as model dynamics, boundary conditions and model parametrizations.
Approximately at the axis of highest SD the AMPS SD is higher than the re-analysis SDs. This is also true over the Bellingshausen, Amundsen and Ross Seas and over the Ross and Filchner-Ronne Ice Shelves. The JRA25 SD is closer to the AMPS SD than the NCEP and NCEP2 SDs in the Bellingshausen and Amundsen Seas. On the other hand the JRA25 SD is much lower over the Ross and Filchner-Ronne Ice shelves than the NCEP and NCEP2 SDs as was suggested in the section 3.1. North of the axis of highest SD the AMPS SD is generally less than the re-analysis SDs and the AMPS-R SD. This indicates that resolution impacts the tracking algorithm results.
Winter
In winter ( Figure 7 ) the axis of maximum density is more pronounced than in summer and a belt where SD > 4 extends anticlockwise from the Ross Sea to the Weddell Sea. On the other hand there are fewer cyclones in the East Pacific around 60
• S and in the western Weddell Sea than in summer. This is in accordance with the climatology of Simmonds and Keay [2000] . AMPS data also reveal an apparent semi-annual oscillation (not shown), where the ACT moves southwards from summer to autumn (MAM), then northwards from autumn to winter, again southwards from winter to spring, and eventually back northwards from spring to summer [Simmonds et al., 1998; van den Broeke, 1998 ]. This oscillation is apparent in the re-analysis SDs too. The average extent of the sea-ice is larger in winter than in summer, especially in the Weddell Sea and in the Ross Sea, but it has not yet reached its maximum, which occurs in spring (SON). The AMPS SD is greater than 6.6 north of the Ross Ice Shelf over sea-ice and relatively high (> 4) in the western Weddell Sea. A distinct feature is an area of very high SD around Palmer Land in the southern Peninsula.
The re-analyses show more cyclones just off the coast of East Antarctica, in the Ross Sea and in the southern Weddell Sea than AMPS (Figure 7c,d,e) , where AMPS has more cyclones than AMPS-R. These differences resemble the differences in summer, but are spatially more widespread and larger in magnitude. At latitudes south of 73
• S the SD in all models clearly disagree, especially close to regions of steep topographical features. Interestingly AMPS-R and the re-analyses show opposite differences with AMPS close to Antarctica, which reflects how differently AMPS and the re-analyses simulate low pressure systems over this area. As a result the AMPS-R SD is significantly smaller than the re-analysis SDs. These differences in SDs, as in summer, are the result of factors such as model dynamics, boundary conditions and model parametrizations in addition to differences in model resolution.
The AMPS SD is high over the southern part of the Peninsula in autumn, in winter ( Figure 7a ) and in spring, which AMPS-R and re-analysis based SDs do not show (Figure 7b,c,d,e) . In summer, however, the high SD values do not appear. It seems that the tracking scheme detects a lot of systems simulated by the AMPS model over this region of complex topography during favorable cold atmospheric conditions. The Peninsula is known to be a region of high cyclonic activity, where eastward progressing systems are stagnated [King and Turner , 1997; Rasmussen and Turner , 2003] .
North of the coastal zone, where the AMPS SD is generally smaller than the re-analysis SDs, and mainly south of 60
• S, the AMPS SD is higher than the re-analysis SDs. This region is more widespread and differences are larger in magnitude than in summer. Because AMPS and AMPS-R SDs do not show a similar relationship, the difference is due to how the re-analyses and the AMPS model simulate cyclones over the region, and not due to the spatial resolution of model grids. The regions of pronounced differences in winter, where differences are smaller in summer, are located over the sea-ice and in the marginal ice zone. This can be seen especially over an area stretching from the Ross Sea to the Bellingshausen Sea between 150
• E and 120 • W, and over the northern Weddell Sea, between 60
• W and 0 • E. The sea-ice zone extends further north in these areas, compared to summer, than in most other regions around Antarctica. The JRA25 SD seem to be closer to the AMPS SD over these areas than the NCEP and NCEP2 SDs.
Approximately north of 60 • S the AMPS SD differ less from the re-analysis SDs than south of 60
• S and the differences are less systematic. In the South Atlantic the reanalyses show more systems than AMPS. The AMPS SD here is less reliable because the boundary of the AMPS model domain crossed the northern edge of this region before July 2002.
System central radius
R is found by constructing a region around the cyclone center whose boundary is where the Laplacian of mean sea level pressure (CC = ∇ 2 p) becomes zero. The area of this irregular region is used to calculate a radius for a circle with the same area.
In Figure 8 R distributions are presented. The smallest AMPS size class (2-3 degrees of latitude) is where synopticscale and meso-scale system sizes overlap [Rasmussen and Turner , 2003] and is present in AMPS data only. Rasmussen and Turner [2003] defined system sizes from satellite imagery based on cloud vortex sizes, which may not entirely match R of the cyclone tracking scheme. The smallest system radius that can be identified for a given resolution dataset is the data resolution (60 km for AMPS data and 2.5
• latitude for the re-analyses and AMPS-R data), but is likely to be larger than this mainly because the distribution of R values (Figure 8) represent mean values per grid cell. Additionally, the Melbourne University cyclone tracking scheme smooths input data horizontally and applies a relatively complex algorithm when defining the R of a system. Hence it is likely that the systems with R close to the theoretical minimum are not detected by the scheme. Radii of individual systems range from 1.2 to 17 degrees of latitude in the AMPS data. The AMPS-R data do not contain grid cells having R less than 3 degrees of latitude due to its coarse resolution, but its Rs are still significantly smaller than the re-analysis Rs.
The AMPS data do not contain grid cells with large R (over 5 degrees of latitude), which form a significant part of the re-analysis Rs, while the AMPS-R data contains a large number (frequency > 0.4) of 5-6 degrees of latitude grid cells, but almost no grid cells of R over 6 degrees of latitude. The difference between AMPS and AMPS-R implies that the computation of R by the cyclone tracking scheme is affected by the resolution of input data and the values of instruction parameters, e.g. smoothing. The difference between AMPS-R and the re-analyses could partly be due to the limited area domain of AMPS. Large systems that extend over the domain boundaries are not often detected by the cyclone tracking scheme (see Section 3) or their radii are estimated to be too small. This is not entirely the case, however, because AMPS-R and the re-analysis radii differ most close to the Antarctic continent.
As shown in Section 3 higher resolution AMPS data shows clusters of smaller systems where the coarser resolution reanalyses display only one large system. This results in smaller AMPS system radius over that region than the reanalysis radii.
R fluctuates seasonally having larger systems in summer and smaller ones in winter (Figure 8) , which all models agree with. Seasonal differences are statistically significant at better than the 1% level according to the Kolmogorov-Smirnov test. The AMPS and JRA25 Rs have seasonal cycles of similar magnitudes, while the NCEP and NCEP2 Rs show smaller seasonal variability. In AMPS systems are large away from the Antarctic coast in the ACT around 60
• S particularly from the South Atlantic to the West Pacific ( Figure  9a ). This is a region where large synoptic systems, originating primarily from mid-latitudes, decline when moving poleward [King and Turner , 1997; Rasmussen and Turner , 2003] . South of the ACT towards Antarctica R gradually decreases and becomes particularly small west of the Peninsula, in the southern Weddell Sea, in Prydz Bay and in Ross Sea.
The AMPS system radius is significantly smaller than the AMPS-R R and than the re-analysis Rs in summer ( Figure  9b,c,d ,e) and in winter (Figure 10b,c,d,e) . Additionally the AMPS-R R is significantly smaller than the re-analysis Rs. The re-analysis Rs display some significant differences too, the NCEP2 R is smaller than NCEP R in summer, and smaller than JRA25 R in winter. The AMPS R differs more from the re-analysis Rs near the coast of Antarctica than away from it. This signifies that their mutual agreement is closer when models simulate large synoptic scale weather systems away from steep topographical features. In winter spatial patterns of R difference between AMPS and the reanalyses resemble patterns of difference in summer ( Figure  10c,d,e) , except now the difference in R is more pronounced further from the coast and between 0
• E and 160
• E. Over the East Pacific and in the Weddell Sea the JRA25 system radius is closer to the AMPS radius than the NCEP and NCEP2 radii.
System intensity and central pressure
The intensity of the system is estimated as the Laplacian of mean sea level pressure (∇ 2 p) averaged over a circle of a nominated radius, R [Petterssen, 1956; Simmonds et al., 2008] . The system intensity differs a lot between AMPS and the re-analyses. AMPS intensities of grid cells are on average 70% larger than the re-analysis intensities (Figure 11 ), indicating that the system intensity is quite significantly affected by the resolution of input data and smoothing. The AMPS-R system intensity is significantly higher than the JRA25 system intensity in summer, while the AMPS system intensity is always significantly higher than the re-analysis system intensities.
The system intensity tends to be small in summer and high in winter with lowest values near the Antarctic peninsula and over the Ronne Ice Shelf (not shown). The seasonal difference is statistically significant at better than the 1% level for all models. In summer the most intense systems are in the East Pacific and in the Indian Ocean. Cyclones become less intense when approaching the Antarctic coast. In winter the areas of highest intensity are further south than in summer and close to the marginal ice zone especially in the Ross Sea.
The system central pressure denotes the mean sea level pressure in the center of a low pressure system. In addition to system intensity, it depends on its latitude and mean sea level pressure of the environment. From Figure 12 it is apparent that the AMPS central pressure is lower than AMPS-R and the re-analysis central pressures. The AMPS central pressure is significantly lower than the JRA25 central pressure in summer, while the AMPS-R central pressure is significantly lower than the re-analysis central pressures in winter. NCEP and NCEP2 central pressures on the other hand are generally higher, and significantly higher in winter, than the JRA25 central pressure. found that the NCEP re-analysis displays fewer deep cyclones than the ERA-40 re-analysis. Additionally, it is sensible to assume that model results based on higher horizontal resolution produce lower central pressures due to better resolved structure of a cyclone and its intensity. This explains why AMPS and JRA25 have lower central pressures than NCEP and NCEP2.
Another issue of particular note in driving these deficiencies is surface forcing. The differences in central pressure between AMPS and NCEP are largest in winter in West Antarctica and Ross Sea. Correspondingly found that, like the summer circulation, the ERA-40 winter pattern shows more occurrences of very deep cyclones than NCEP, particularly in the Bellingshausen, Amundsen and Ross Seas.
A comparison of central pressure distributions is illustrated in Figure 12 , where the grid cells with central pressures less than 975 hPa form the majority of the AMPS distribution, but only a relatively small proportion of the re-analyses distributions. Additionally, the AMPS distribution is almost completely lacking values higher than 980 hPa. JRA25 has more low central pressure grid cells than NCEP and NCEP2. The AMPS-R central pressure distribution has fewer grid cells of low central pressure than AMPS and also fewer high grid cells of high central pressure than the re-analyses. The models agree in their annual cycle of central pressure with the highest values in summer and the lowest ones in spring. In summer the AMPS central pressure is higher than the re-analyses central pressure in the coastal areas, but in winter the AMPS central pressure is lower in the same areas (not shown). The AMPS-R central pressure, on the other hand, shows lower values than the AMPS central pressure in these areas in winter and in summer. As with system density and radius, this highlights differences in models' physics, numerics and treatment of sea-ice combined with their ability to resolve the complex coastal topography.
Cyclogenesis and cyclolysis
The AMPS cyclogenesis and cyclolysis are briefly investigated here in order to better understand the physical processes associated with other cyclone properties, especially SD, and why they differ or resemble the re-analysis cyclone properties.
The AMPS cyclogenesis and cyclolysis values are higher in winter than in summer. There is especially large seasonal variability over the Peninsula where both cyclogenesis and cyclolysis display high rates in autumn, winter and spring. Generally local cyclolysis rates are larger than cyclogenesis rates. This can be explained by the positive net transport of systems from mid-latitudes towards Antarctica. The relative difference ((F G − F L)/F G) is largest in West Antarctica where south-eastward propagating low pressure systems transport a large amount of moisture, eventually becoming slow-moving and decaying as it approaches the Peninsula.
AMPS data (both original and reduced resolution versions) show areas where cyclolysis is larger than cyclogenesis west of the Antarctic Peninsula, and areas where cyclogenesis is larger than cyclolysis east of the Antarctic Peninsula. The relative difference is smallest over the Peninsula which is a major barrier of the eastward atmospheric flow. This indicates that cyclones generated by AMPS over the Peninsula are mainly stagnating there. Hence the high SD values of AMPS over the Peninsula could be, at least partly, due to systems which are generated and decay in this region. In addition to this, cyclones dissipate on the west side of the peninsula (windward side cyclolysis) and redevelop on the east (lee) side of the peninsula (leeside cyclogenesis) as seen in Figure 13 . Figure 13 shows that cyclolysis exceeds cyclogenesis in the ACT off the coast of East Antarctica, in the eastern part of Ross Sea and in Amundsen/Bellingshausen Seas. Over these regions cyclogenesis is closer to cyclolysis in summer than in winter. Areas of net cyclogenesis are located north and east of the Peninsula in the western Weddell Sea, off the coast of Enderby Land (around 60
• E), and between 135
• E and 180, in the western Ross Sea. These areas have local net cyclogenesis during all seasons, although the rates vary. In summer there is net cyclogenesis off the coast of Dronning Maud Land (between 15
• W and 15
• E). These features of cyclogenesis, cyclolysis and their difference in AMPS are generally consistent with findings by Simmonds and Keay [2000] . The AMPS data seem to result in more detailed features following the Antarctic coastline and the region of net cyclolysis does not extend as far north. As with SD these results can be explained by a more well defined and narrow ACT due to the higher resolution data.
Summary and conclusions
In this study low pressure system statistics based on three re-analysis products and a high resolution NWP output (AMPS) around Antarctica were compared by applying the Melbourne University storm tracking scheme. The Melbourne University scheme offers a comprehensive statistical analysis tool of cyclone behavior (http://www.earthsci.unimelb.edu.au/tracks/cychome.htm). A wide range in values of cyclone statistics were produced when the scheme was configured using a range of values of instruction parameters (Table 1) .
Reduced AMPS data, which has the same spatial and temporal resolution as the re-analyses, was generated, and by applying the same set of instruction parameter values in the tracking scheme, comparable statistics to the re-analysis based statistics were created. In order to utilize the full resolution of AMPS data, an original AMPS data experiment, where statistics of cyclone properties were as close as possible to the statistics based on the reduced AMPS data, was selected as a best estimate for the Southern Ocean cyclone statistics.
The cyclone statistics derived from the re-analyses were relatively close to each other, while the AMPS statistics were notably different from the re-analysis statistics. Accordingly cyclone properties (and their statistics) depend significantly on the (temporal and spatial) resolution of input data, values of instruction parameters used in the tracking scheme, and model physics.
The main cyclone properties analyzed were: the system density and the system radius. Additionally the system central pressure and the system intensity (the Laplacian of pressure) were studied, but presented in less detail. Results based on the AMPS data agree relatively well with the reanalysis based results when looking at seasonal variability and large-scale spatial patterns of system properties.
The AMPS system density, radius and the central pressure are generally lower, and the system intensity is higher than corresponding the re-analysis based values. AMPS does not show more systems in total, despite its higher resolution, than the re-analyses.
Geographically the largest differences between AMPS and the re-analyses occur in the ACT and in the coastal seas off the Antarctic continent, but not close to the boundaries of the AMPS model domain. For instance in AMPS the ACT is narrower, it is located south of the re-analysis ACTs and it does not extend as close to the embayments around Antarctica. This appears as higher AMPS system density in the ACT than the re-analysis system densities, but lower AMPS system density close to coast than the re-analysis system densities. A reasonable explanation to this is that AMPS simulates low pressure systems better over the Antarctic coastal waters and over the marginal ice zone. This is partly because the tracking scheme is able to resolve smaller scales due to the finer spatial and temporal resolution of the AMPS data. Accordingly, the cyclone tracking algorithm detects sizes and locations of systems from the high resolution AMPS data more accurately than from the coarser resolution re-analysis data. The better performance is also due to its use of polar optimized physical parametrization, which is evident as larger differences between the AMPS and re-analysis cyclone statistics in winter than in summer. These differences extend further from the Antarctic coast in winter along with the growing sea-ice. One factor which could contribute to these differences is the AMPS (Polar-MM5) parametrization of surface fluxes over sea-ice covered areas.
The AMPS data display significantly smaller and more intense systems than the re-analyses, especially close to Antarctica, which signifies the importance of model resolution close to steep topographical features. In winter large systems in AMPS are detected further from coast than in summer, but this behavior was not seen to the same extent in the re-analyses. As a result the properties of the reanalysis and AMPS systems differ more over a larger area in winter than in summer. On the basis of this study one cannot state with confidence whether AMPS can simulate polar lows, but one can affirm that AMPS is able to simulate smaller systems than the re-analyses. Additionally a study by Bromwich et al. [2003] suggests that AMPS can simulate some of the polar lows. From this perspective it can be concluded that AMPS is a step further towards flawless simulation of meso-scale processes. . Results from sensitivity experiments of the Melbourne University cyclone tracking scheme. Average system density (SD) versus system radius (R) in (a) is plotted as circles (AMPS original resolution), square (AMPS-R) and three re-analyses (triangles). In (b) SD versus system intensity (CC) is plotted. AMPS-R stands for AMPS reduced resolution data where original AMPS output has been sampled to have same spatial and temporal resolution than re-analysis products. The large circle denotes the AMPS experiment selected for further analysis. • C isotherm at the sea surface. • C isotherm at the sea surface.
